Brentuximab vedotin: clinical considerations in CD30-positive Hodgkin lymphoma {#FPar1}
==============================================================================

Targets the CD30 membrane receptor, which is highly expressed on some tumour cells but minimally expressed on normal cellsInternalization of the CD30-ADC complex and uptake by cell lysosomes, results in proteolytic cleavage of the microtubule-disrupting agent monomethyl auristatin E from the ADC, with consequent apoptosisAs salvage therapy, high objective response rates are achieved, with benefits durable in the long termAs consolidation therapy after ASCT, prolongs PFS relative to placebo; these benefits are durable in the long termCommon adverse reactions include neutropenia, PSN, fatigue, nausea, anaemia, upper respiratory tract infection, diarrhoea, thrombocytopaenia and cough

Introduction {#Sec1}
============

Hodgkin lymphoma (HL) is an uncommon malignancy involving the lymph nodes and lymphatic system, with a crude incidence of 2.3 cases/100,000 individuals in the EU \[[@CR1]\] and an estimated 9190 newly diagnosed cases in the USA in 2014 \[[@CR2]\]. The disease most often affects young adults (aged 15--30 years \[[@CR2]\]; 20--40 years \[[@CR1]\]), with a second peak occurring in individuals aged \>55 years \[[@CR1], [@CR2]\]. There are two main types of HL, namely classical HL (accounts for 95% of cases; focus of this review) and nodular lymphocyte-predominant HL \[[@CR1], [@CR2]\]. Classical HL is characterized by the presence of Reed-Sternberg cells, with these cells consistently expressing the cell membrane receptors CD30 and CD15 \[[@CR1], [@CR2]\]. Advances in the management of HL means that newly diagnosed patients with classical HL have a very good prognosis, with more than 80% of patients experiencing a clinical cure after front-line therapy \[[@CR2]--[@CR5]\]. However, in early and advanced stage disease, ≈5 and 30--40% of patients, respectively, relapse after front-line therapy \[[@CR3], [@CR4]\]. The standard care for patients with relapsed or refractory disease is salvage therapy with second-line high-dose chemotherapy (HDCT) followed by autologous haematopoietic stem cell transplant (ASCT) in those eligible for transplant \[[@CR3], [@CR4]\], with only 50% of patients cured with standard salvage therapies \[[@CR5]\]. Patients who relapse after salvage HDCT/ASCT generally have a poor prognosis \[[@CR3], [@CR4]\].

The introduction of highly-targeted antibody-drug conjugates (ADC) in the last decade represents an important advance in treatment algorithms for some cancers \[e.g. haematological malignancies such as HL and systemic anaplastic large cell lymphoma (sALCL), and breast cancers\], with ADC designed to provide highly-selective killing of tumour cells with minimal effects on normal tissue \[[@CR6]--[@CR9]\]. One such ADC is brentuximab vedotin (ADCETRIS^®^), which targets the CD30 membrane receptor, a tumour necrosis factor receptor superfamily member \[[@CR6], [@CR10], [@CR11]\]. CD30 is an ideal target for ADC-based therapy, given its high levels of expression on specific tumour cells (including classical HL and sALCL cells) and limited expression on normal cells (restricted to a small population of cells, predominantly activated B cells and T cells) \[[@CR6], [@CR10], [@CR11]\]. In addition, CD30 is consistently expressed on HL and sALCL cells irrespective of disease stage, line of therapy or transplant status \[[@CR8], [@CR12]\].

This narrative review focuses on the clinical use of intravenous brentuximab vedotin in patients with relapsed or refractory CD30-positive classical HL, as salvage therapy (reviewed previously in Drugs \[[@CR13]\]) or consolidation therapy after HDCT/ASCT. The pharmacological properties of brentuximab vedotin are also briefly reviewed (reviewed previously in Drugs \[[@CR13]\]). Brentuximab vedotin is also indicated for the treatment of patients with relapsed or refractory sALCL (reviewed previously in Drugs \[[@CR13]\]), discussion of which is beyond the scope of this review.

Pharmacodynamic Properties {#Sec2}
==========================

Brentuximab vedotin consists of a human chimeric immunoglobulin G1 antibody directed against CD30 that is covalently linked to the potent microtubule-disrupting agent monomethyl auristatin E (MMAE) by a protease-cleavable linker \[[@CR6], [@CR10], [@CR11]\]. The binding of brentuximab vedotin to CD30 on the tumour cell membrane triggers a cascade of events that ultimately results in apoptotic death of the CD30-expressing tumour cell (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR6], [@CR10], [@CR11]\]. In vitro studies indicated that prior to internalization of brentuximab vedotin, MMAE was stably attached to the antibody (only 2% of MMAE was released from the ADC during 10 days of incubation in human plasma), but was readily cleavable by lysosomal proteases \[[@CR10], [@CR14], [@CR15]\]. Approximately four molecules of MMAE are bound to each antibody molecule in the ADC \[[@CR10], [@CR14], [@CR15]\].Fig. 1Mechanism of action of brentuximab vedotin in a CD30-positive tumour cell \[[@CR6], [@CR10], [@CR11]\]. **a** Brentuximab vedotin binds to the CD30 membrane receptor. **b** The CD30-drug complex is internalized and traffics to a lysosome, where enzymes cleave the linker between the antibody and monomethyl auristatin E (MMAE), a microtubule-disrupting agent. **c** MMAE is released intracellularly, where it **d** binds to tubulin (leading to G2/M cell cycle arrest and concurrent induction of apoptosis), and extracellularly into the surrounding area, where MMAE may induce apoptosis in surrounding cells (bystander effect), irrespective of CD30 status.Reproduced from Garnock-Jones \[[@CR13]\]

Brentuximab vedotin exhibited potent, highly-selective activity against CD30-positive HL and ALCL cells in vitro, with a half-maximal inhibitory concentration of 3--50 pmol/L; CD30-negative cells were ≈1000-fold less sensitive than CD30-positive cells to brentuximab vedotin \[[@CR6], [@CR14], [@CR15]\]. In cultured HL and ALCL cells, the maximum concentration of brentuximab vedotin bound to CD30 on the cell surface was attained after 24--48 h of incubation, with concentrations decreasing by 120 h, indicating internalization of the ADC complex \[[@CR16]\]. These in vitro data were confirmed in tumour biopsies from a patient with ALCL receiving brentuximab vedotin 1.8 mg/kg in a phase 1 trial. In tumour biopsies, there were numerous apoptotic cells 48 h after brentuximab vedotin treatment, with maximum concentrations of bound brentuximab vedotin attained within 24 h and concentrations decreasing within 48 h \[[@CR16]\].

In addition to its direct anti-tumour activity relating to apoptosis of CD30-positive tumour cells (Fig. [1](#Fig1){ref-type="fig"}), brentuximab vedotin may also exert its anti-tumour activity via other indirect mechanisms, based on in vitro and in vivo studies \[[@CR11], [@CR17]\]. Since MMAE crosses the cell membrane and is released into the surrounding extracellular matrix, brentuximab vedotin also potentially exerts cytotoxic activity on "bystander" tumour cells (adjacent tumour cells), irrespective of CD30 status (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR4], [@CR11], [@CR17]\]. This may explain its activity in heterogeneous tumours such as HL.

In severe combined immunodeficiency mouse xenograft models of HL and ALCL, brentuximab vedotin was an effective antitumour treatment, with partial or complete, durable tumour regression observed at doses as low as 1 mg/kg \[[@CR10], [@CR14]\].

In a noncomparative cardiac safety trial in 46 evaluable patients with CD30-positive haematological malignancies, brentuximab vedotin 1.8 mg/kg (≤16 cycles) had no clinically meaningful effects on repolarization, based on Fridericia's corrected QT interval (QTc) values \[[@CR18]\]. For days 1--4 of cycle 1 and 3, the mean QTc interval change from baseline was \<10 ms at each assessed timepoint \[[@CR18]\].

Pharmacokinetic Properties {#Sec3}
==========================

Pharmacokinetic data for brentuximab vedotin are from phase 1 trials and a population pharmacokinetic (PPK) analysis of 314 patients \[[@CR12], [@CR19]\], with brentuximab vedotin and the antibody alone having similar pharmacokinetic profiles \[[@CR19]\].

Maximum serum concentrations (C~max~) of brentuximab vedotin were typically observed close to the end of the 30-min infusion \[[@CR12], [@CR19]\], with the C~max~ of MMAE attained after ≈1 to 3 days \[[@CR19]\]. Exposure to brentuximab vedotin was approximately dose-proportional across a dose range of 1.2--2.7 mg/kg, with minimal to no accumulation of brentuximab vedotin after multiple doses given once every 3 weeks \[[@CR12], [@CR19]\]. Steady state was attained within 21 days of each 3-week dose of brentuximab vedotin, which is consistent with the terminal elimination half-life (t~½~) estimate. Similarly, steady state of MMAE was attained within 21 days of each 3-week dose of brentuximab vedotin and, with continued administration, exposure to MMAE decreased to ≈50 to 80% of that seen after the first dose of brentuximab vedotin. The mean steady-state volume of distribution of brentuximab vedotin in humans was ≈6 to 10 L. In vitro, 62--82% of MMAE was bound to human plasma proteins; MMAE is not expected to displace or be displaced by highly protein-bound drugs. In vitro, MMAE is a substrate of but not an inhibitor of P-glycoprotein at clinical concentrations \[[@CR12], [@CR19]\].

Brentuximab vedotin is catabolized as a protein, with its component amino acids recycled or eliminated \[[@CR12]\]. In vivo studies indicated that only a small fraction of the MMAE released from brentuximab vedotin is metabolized \[[@CR12], [@CR19]\], with in vitro studies suggesting that at least one MMAE metabolite is active \[[@CR12]\]. In vitro, MMAE metabolism that occurs is primarily via oxidation by cytochrome P450 (CYP) 3A4/5 \[[@CR12], [@CR19]\]. With the exception of CYP3A4/5, MMAE did not inhibit CYP enzymes in human liver microsomes. MMAE did not induce any major CYP enzymes in primary cultures of human hepatocytes \[[@CR12], [@CR19]\].

The t~½~ of brentuximab vedotin is ≈4 to 6 days \[[@CR12], [@CR19]\] and the estimated clearance (CL) is 1.457 L/day \[[@CR12]\]. The elimination of MMAE is limited by its rate of release from brentuximab vedotin \[[@CR12], [@CR19]\], with an estimated CL and t~½~ of MMAE of 19.99 L/day and 3--4 days \[[@CR12]\]. In an excretion study in patients receiving brentuximab vedotin 1.8 mg/kg, ≈24% of the total administered dose of MMAE was recovered in the urine and faeces over a 1-week period, ≈72% of which was recovered in the faeces \[[@CR12], [@CR19]\]. The majority of the excreted MMAE was unchanged \[[@CR19]\].

Based on a PPK analysis, gender, age and race do not have a meaningful effect on the pharmacokinetics of brentuximab vedotin \[[@CR19]\]. Given that the liver and kidneys are both routes of elimination of MMAE, renal and hepatic impairment impact on the use of brentuximab vedotin in these patient populations (Sect. [6](#Sec9){ref-type="sec"}) \[[@CR12], [@CR19]\]. In patients with severe renal impairment \[creatinine clearance (CL~CR~) \<30 mL/min; *n* = 3\], MMAE exposure was approximately twofold higher than in patients with normal renal function \[[@CR12], [@CR19]\], with no effect observed in patients with mild (CL~CR~ \>50 to 80 mL/min; *n* = 4) or moderate (CL~CR~ 30--50 mL/min; *n* = 3) renal impairment \[[@CR12]\]. In a pharmacokinetic study in patients with mild (Child-Pugh A; *n* = 1), moderate (Child-Pugh B; *n* = 5) or severe (Child-Pugh C; *n* = 1) hepatic impairment, exposure to MMAE increased ≈2.2-fold in patients with hepatic impairment compared with patients with normal hepatic function \[[@CR12], [@CR19]\]. Consequent to higher MMAE exposure, adverse reactions of at least grade 3 may be more frequent in patients with severe renal impairment relative to patients with normal renal function and more frequent in patients with moderate or severe hepatic impairment relative to patients with normal hepatic function \[[@CR19]\].

Therapeutic Efficacy {#Sec4}
====================

As Consolidation Therapy After Autologous Stem-Cell Transplant {#Sec5}
--------------------------------------------------------------

The efficacy of brentuximab vedotin as consolidation therapy after ASCT in adult patients (aged ≥18 years) with relapsed or primary refractory histologically-confirmed HL was evaluated in the randomized, double-blind, multinational, phase 3 AETHERA trial \[[@CR20]\]. Eligible patients had to have at least one of the following risk factors for disease progression after ASCT: primary refractory HL \[failure to achieve complete remission (CR), as assessed by the investigator\], relapsed HL with an initial remission duration of \<12 months, or extranodal involvement at the start of pre-transplantation chemotherapy. In addition, they had to have achieved CR, partial remission (PR) or stable disease after pre-transplantation salvage therapy. Patients who had undergone more than one ASCT were permitted to enrol (3% of brentuximab vedotin recipients and 6% of placebo recipients). Exclusion criteria included previous treatment with brentuximab vedotin therapy \[[@CR20]\].

In general, baseline characteristics were similar in the brentuximab vedotin and placebo groups in the intent-to-treat (ITT) population (*n* = 165 and 164; efficacy population) \[[@CR20]\]. At baseline, most patients had an Eastern Cooperative Oncology Group (ECOG) performance status of 0 (53 and 59% in the brentuximab vedotin and placebo groups) or 1 (47 and 41%), 43 and 48% of patients had received at least two prior cancer-related systemic salvage therapies and, after front-line therapy, most patients had primary refractory disease (60 and 59%) or had relapsed within 12 months (32 and 33%). The rates of extranodal involvement at pre-ASCT relapse (33 and 32%) and of B symptoms (i.e. fever, night sweats, weight loss) after front-line therapy (28 and 24%) were similar in the brentuximab vedotin and placebo groups \[[@CR20]\].

Patients received a 30-min infusion of brentuximab vedotin 1.8 mg/kg or placebo once every 3 weeks (i.e. 21-day cycle) for up to 16 cycles, with dose adjustments permitted based on specified haematological and non-haematological toxicity criteria \[[@CR20]\]. During the trial, if patients met radiographical criteria for disease progression (investigator-assessed), study treatment was unblinded and patients in the placebo group were permitted to receive brentuximab vedotin therapy. The median time from ASCT to the first dose of study drug was 41 days in both groups \[[@CR20]\].

The primary endpoint was progression-free survival (PFS), as assessed by an independent review committee, with PFS defined as the time from randomization to the first documentation of tumour progression or death (assessed using Kaplan-Meier methods) \[[@CR20]\]. Patients without tumour progression by independent review, but with progression by investigator assessment, were censored at the time of the last radiographical assessment before receipt of subsequent therapy \[[@CR20]\]. Disease progression was assessed in accordance with Revised Response Criteria for Malignant Lymphoma \[[@CR21]\].

At a median follow-up of 30 months, brentuximab vedotin treatment significantly prolonged PFS compared with placebo in the primary independent review analysis (42.9 vs. 24.1 months), with a 43% reduction in the hazard rate for PFS in the brentuximab vedotin group \[stratified hazard ratio (HR) 0.57; 95% CI 0.40--0.81; *p* = 0.0013\] \[[@CR20]\]. Prespecified investigator-assessed sensitivity analyses also showed improved PFS in the brentuximab vedotin group, with an HR of 0.50 (95% CI 0.36--0.70; no *p* value was calculated). Respective estimated 2-year PFS rates by independent review and investigator assessment were 63 and 65% in the brentuximab vedotin group and 51 and 45% in the placebo group. In terms of disease progression, there was high concordance (87%) between independent review and investigator assessment results. Brentuximab vedotin treatment improved PFS compared with placebo (i.e. HR \<1) in pre-specified subgroup analyses by baseline stratification factors, including best response to salvage therapy pre-ASCT, HL status after front-line therapy, ECOG status, the number of systemic treatments pre-ASCT, positron emission tomography (PET) status pre-ASCT and extranodal involvement at pre-ASCT relapse. Of interest, the beneficial effect of brentuximab vedotin therapy on PFS in patients who were PET-negative pre-ASCT was marginal (HR ≈0.95; value estimated from graph); however, these data should be interpreted with caution as PET scans were not per-protocol mandated (approximately two-thirds of patients had a pre-ASCT PET scan) and no objective criteria were required for interpretation of these PET scans \[[@CR20]\].

Long-term follow-up (≈1 year after the primary analysis) indicated a continued benefit with brentuximab vedotin consolidation therapy in terms of PFS, as assessed by investigators (median PFS not yet reached vs. 15.8 months with placebo; HR 0.52; 95% CI 0.37--0.71) and independent review (HR 0.58; 95% CI 0.41--0.82) \[abstract\] \[[@CR22]\]. The estimated 3-year PFS rate was 61% in the brentuximab vedotin group and 43% in the placebo group \[[@CR22]\].

At the time of the primary analysis of PFS, there was no between-group difference in overall survival by independent review (HR 1.15; 95% 0.67--1.97), based on a prespecified interim analysis \[[@CR20]\]. The final overall survival analysis is planned at study closure (i.e. ≈6 years after the first patient initiated study treatment).

In prespecified ITT analyses, there was no significant or clinically meaningful impact on health-related quality-of-life with brentuximab vedotin treatment compared with placebo, as assessed over the first 2 years using the self-reported European Quality of Life 5-dimensional (EQ-5D) questionnaire \[[@CR23]\]. Although there was a slight numerical deterioration in EQ-5D scores in the brentuximab vedotin and placebo groups over time, the mean between-group difference did not exceed the minimally important difference of 0.08 at any timepoint (baseline to 24 month) except at 15 months (mean between-group difference −0.084; 95% CI −0.143 to −0.025) \[[@CR23]\].

As Salvage Therapy {#Sec6}
------------------

The efficacy of brentuximab vedotin in patients (most of whom were adults) with relapsed or refractory HL was evaluated in prospective, noncomparative, multicentre, phase 2 trials \[[@CR24]--[@CR27]\]; the pivotal multinational, registration trial \[[@CR24]\] has been reviewed previously in *Drugs* \[[@CR13]\]. One phase 2 trial \[[@CR25]\] evaluated retreatment with brentuximab vedotin in patients with haematological malignancies (21 of whom had HL) who had relapsed after achieving a CR or PR during initial brentuximab vedotin therapy in a previous trial; only data for the 21 patients with HL are discussed. Long-term follow-up results (median follow-up ≈3years) \[[@CR28], [@CR29]\] from the pivotal registration trial \[[@CR24]\] are also discussed.

Eligible patients were aged ≥12 years (median age 32 years) \[[@CR24]\], ≥10 years (median 34 years) \[[@CR27]\], ≥12 years (median age 30 years; previously enrolled in pivotal trial \[[@CR24]\]) \[[@CR25]\] or ≥20 years (median 44 years) \[[@CR26]\]. Other key eligibility criteria included histologically confirmed CD30-positive HL \[[@CR24]--[@CR27]\], relapsed or refractory disease after HDCT \[[@CR24], [@CR26], [@CR27]\] and/or ASCT \[[@CR24], [@CR26]\], disease progression or relapse after previously experiencing a CR or PR during brentuximab vedotin therapy \[[@CR25]\], measurable disease using computed tomography (CT; ≥1.5 cm \[[@CR24], [@CR26]\]) \[[@CR24], [@CR26], [@CR27]\], fluorodeoxyglucose-avid disease by PET \[[@CR24], [@CR26]\] and an ECOG performance status of 0 or 1 \[[@CR24], [@CR26]\]. In the retreatment trial \[[@CR25]\], patients who had undergone an allogeneic SCT were eligible provided they were \>100 days post-transplant and had no evidence of cytomegalovirus by polymerase chain reaction. Where specified, patients were excluded if they had received a previous allogeneic SCT \[[@CR24], [@CR26]\], undergone ASCT within 12 weeks \[[@CR26]\] or had received second-line HDCT \[[@CR27]\]. See Table [1](#Tab1){ref-type="table"} for the dosage regimen for brentuximab vedotin and further design details.Table 1Efficacy of brentuximab vedotin in prospective, noncomparative, multicentre, phase 2 trials in patients with relapsed or refractory CD-30 positive Hodgkin lymphoma after high-dose chemotherapy, and after \[[@CR24]--[@CR26]\] and/or before \[[@CR26], [@CR27]\] autologous stem cell transplantStudyObservation period \[reference\]No. of ptsOverall OR^a^ rate (%)Median duration (months)Median PFS^b^ (months)Median OS^b^ (months)ORCR^c^NCT00848926Median 18.5 months \[[@CR24]\]10275^d^6.720.55.622.4(pivotal trial)Median 33.3 months \[[@CR28]\]7311.2NYR9.340.5NCT01393717After 4 cycles \[[@CR27]\]3768^d^NCT00947856Final cut-off date January 2013 \[[@CR25]\]20^e^609.29.49.9NYRJapicCTI-111650At cut-off date May 2013 \[[@CR26]\]9^f^67NYR11.1All pts received a 30-min intravenous infusion of BV 1.8 mg/kg (or BV 1.2 mg/kg if this was the dose in the previous study \[[@CR25]\]) once every 3 weeks for up to 4 \[[@CR27]\] or 16 \[[@CR24], [@CR26]\] cycles, or until disease progression, unacceptable toxicity or study closure \[[@CR25]\]*BV* brentuximab vedotin, *CR* complete remission, *HL* Hodgkin lymphoma, *NYR* not yet reached, *PFS* progression-free survival, *pts* patients, *OR* objective response (CR + partial remission), *OS* overall survival, *sALCL* anaplastic large-cell lymphoma^a^Assessed using Revised Response Criteria for Malignant Lymphoma \[[@CR21]\]^b^Estimated using Kaplan--Meier methods^c^In pts who had a CR as a best OR response^d^Primary endpoint^e^Pts had responded to BV (CR or partial remission) during NCT00848926 (for HL pts), discontinued treatment while in remission and then experienced disease progression or relapse; data are for evaluable pts with HL (trial also included pts with sALCL)^f^Data are for the phase 2 part of this phase 1/2 study in pts with HL (trial also included pts with sALCL)

In the pivotal phase 2 trial, 75% of patients achieved an objective response (primary endpoint) (Table [1](#Tab1){ref-type="table"}), with 34% of patients experiencing a CR and 96% of patients having overall disease control (i.e. CR + PR + stable disease) \[[@CR24]\]. Median times to objective (CR + PR; 5.7 weeks) and CR (12 weeks) responses were approximately the times of the first post-baseline CT and PET scans, respectively. The majority (94%) of patients experienced a reduction in tumour size, most of which were reduced by more than 65% (value estimated from a graph). At a median follow-up of 18.5 months, the Kaplan-Meier estimated 1-year overall survival rate was 89%, with an estimated median overall survival of 22.4 months and median PFS of 5.6 months (Table [1](#Tab1){ref-type="table"}). Efficacy results assessed by study investigators were consistent with these results assessed by independent review \[[@CR24]\].

In a prespecified subgroup analysis in patients who had received a systemic therapy at the time of relapse after ASCT (*n* = 57), the median PFS was prolonged with brentuximab vedotin therapy compared with the most recent prior systemic therapy (7.8 vs. 4.1 months) \[[@CR24]\]. This correlated to an HR for the risk of disease progression or death of 0.41 (*p* \< 0.001), representing a 59% reduction in the risk of these events with brentuximab vedotin therapy \[[@CR24]\].

The beneficial effects of brentuximab vedotin therapy on PFS and overall survival rates were durable after a median follow-up of 33.3 months in the pivotal trial, with a Kaplan--Meier estimated median PFS of 9.3 months and a median overall survival of 40.5 months in the overall population \[[@CR28]\]. Of the 34 patients who achieved a CR, the estimated duration of response had not yet been reached, with 47% continuing to be disease progression-free after a median observation period of 53.3 months. In patients who were in CR, the respective estimated 3-year PFS and overall survival rates were 58 and 73%. Baseline characteristics in patients who achieved a CR were younger age, good ECOG performance status and lower disease burden, all of which were favourable prognostic factors for overall survival \[[@CR28]\]. At study closure (≈5 years' after the last enrolled patient's end-of-treatment visit; median follow-up 35.1 months), the estimated 5-year overall survival and PFS rates in the overall population were 41 and 22%, with respective rates in patients with a CR of 64 and 52% \[[@CR29]\].

Retreatment with brentuximab vedotin in patients with HL who had achieved CR or PR during initial brentuximab vedotin therapy and subsequently relapsed was associated with a high overall objective response rate (Table [1](#Tab1){ref-type="table"}), with the same rate of CR and PR (both 30%) and 20% of patients experiencing stable disease as a best response \[[@CR25]\]. The median time between the last dose of brentuximab vedotin given during the initial study and the first dose of retreatment was 11.4 months (range 4--45 months). No patients with HL were retreated with brentuximab vedotin more than once (permitted if required). This study was terminated in January 2013, as the pool of potential retreatment patients from prior trials was projected to be minimal. At this timepoint, the median overall survival had not yet been reached \[[@CR25]\].

In another phase 2 trial, brentuximab vedotin therapy was an effective second-line therapy in patients with HL that was relapsed or refractory after induction therapy and prior to ASCT (Table [1](#Tab1){ref-type="table"}), with 13 patients achieving CR, 12 patients achieving PR and 10 patients having stable disease after four cycles of treatment \[[@CR27]\]. Of the 37 enrolled patients, most (86%) proceeded to ASCT (17 of whom only received brentuximab vedotin prior to ASCT), two patients proceeded to allogeneic SCT and three patients did not respond to second-salvage combination therapy \[[@CR27]\].

In the Real-World Setting {#Sec7}
-------------------------

Discussion of the effectiveness of brentuximab vedotin treatment in the real-world setting in patients with relapsed or refractory CD30-positive HL focuses on large (*n* \>200), retrospective studies of the French Named-Patient Program \[[@CR30]\] and a medical chart review of 45 clinical sites in the UK and Germany (abstracts) \[[@CR31], [@CR32]\]. Patients received a 30-min infusion of brentuximab vedotin 1.8 mg/kg once every 3 weeks for up to 16 cycles \[[@CR30]\]. Disease progression was assessed in accordance with Revised Response Criteria for Malignant Lymphoma \[[@CR21]\]. Smaller (*n* = 16--58), multicentre, retrospective analyses of brentuximab vedotin therapy in the real-world setting also provide support for the efficacy of brentuximab vedotin in patients with relapsed or refractory HL \[[@CR33]--[@CR37]\]; these small studies are not discussed further.

In a French retrospective analysis of 240 patients with histologically confirmed CD30-positive HL who had relapsed after prior ASCT or after two lines of chemotherapy, the best response after a median of four cycles of brentuximab vedotin therapy (primary objective) was CR (29.2% of patients), unconfirmed CR (4.6%), PR (26.7%), stable disease (7.5%) or progressive disease (28.3%); 3.8% of patients were not assessable \[[@CR30]\]. The objective response rate of 60.5% in 37 patients who had received a prior allogeneic SCT was consistent with that in overall population (60.4%). Best response rates were consistent across most subgroups, although older patients had poorer response rates (an objective response was achieved by 39.3% of the 28 patients over 60 years of age). The median duration of response in those who had achieved an objective response after a median of four cycles was 8.4 months, with a median PFS duration of 11.3 months (vs. 6.8 months in the overall cohort). Median overall survival duration was not reached at a median follow-up of 16.1 months, with estimated 1- and 2-year overall survival rates of 76.4 and 57.8%. In patients who received consolidation ASCT (*n* = 29) or allogeneic SCT (*n* = 28) following brentuximab vedotin therapy, there were no significant between-group differences in terms of best response rates (27 patients in each group had an objective response), median duration of response (not yet reached and 17.3 months), median PFS (not yet reached and 18.1 months), and estimated 1-year (88.7 and 87.1%) and 2-year (79.9 and 81.3%) overall survival rates. For patients who achieved an objective response after four cycles of brentuximab vedotin therapy, median PFS was significantly prolonged in patients who underwent consolidation therapy versus those who did not (median PFS 18.8 vs. 8.7 months; *p* \< 0.0001; *n* = 54 and 91). At the time of diagnosis of HL, the median age of patients was 30 years (age range 14--78), 91.3% of patients had an ECOG performance status of 0 or 1, and ≈40% of patients had extranodal disease. The median number of brentuximab vedotin cycles was six \[[@CR30]\].

In adult patients (aged ≥18 years) with CD30-positive HL who had relapsed after ASCT, brentuximab vedotin salvage therapy significantly (*p* = 0.0129) prolonged median PFS from the start of post-relapse therapy (27 months; 95% CI 19.9 to not estimable; *n* = 213) compared with other salvage chemotherapy (15.3 months; 95% CI 8.0 to not estimable; *n* = 128), based on a retrospective medical chart review of clinical sites in the UK and Germany \[[@CR32]\]. Median overall survival since initiating salvage therapy was also significantly (*p* = 0.014) prolonged in the brentuximab vedotin arm versus the comparator arm (not estimable vs. 32.0 months; 95% CIs not reported). Best response rates did not differ significantly between the brentuximab vedotin and comparator groups, with respective CR rates of 43.7 and 37.3%, PR rates of 35.7 and 22.4%, stable disease rates of 12.2 and 11.2% and progressive disease rates of 8.0 and 28.6%. The median number of cycles in the brentuximab vedotin and comparator arms was seven and four, with no between-group differences in baseline characteristics. The most commonly utilized comparator salvage chemotherapy regimens were typically gemcitabine-based (38% of patients in Germany and 42% in the UK) or ifosfamide/carboplatin/etoposide (ICE)-based (17 and 8%) \[[@CR32]\].

In this medical chart retrospective review, amongst the 136 brentuximab vedotin-treated patients who were ineligible for ASCT, the respective median PFS and overall survival after initiation of brentuximab vedotin therapy were 15.1 and 17.8 months \[[@CR31]\]. A best response of CR, PR, stable disease and disease progression occurred in 35, 40, 13 and 12% of patients, respectively.

Tolerability and Safety {#Sec8}
=======================

Intravenous brentuximab vedotin had a manageable tolerability and safety profile in patients with CD30-positive HL participating in clinical trials and studies in the real-world setting discussed in Sect. [4](#Sec4){ref-type="sec"}. Given the nature of the disease, brentuximab vedotin therapy was generally well tolerated in clinical trials, with most common adverse events (such as peripheral neuropathy and neutropenia) manageable with dose reductions and/or delays and the majority of patients with peripheral neuropathy experiencing improvement or complete resolution of symptoms \[[@CR38]\]. The most common adverse reactions (i.e. incidence ≥20%) occurring during brentuximab vedotin salvage or consolidation therapy were neutropenia, peripheral sensory neuropathy (PSN), fatigue, nausea, anaemia, upper respiratory tract infection (URTI), diarrhoea, thrombocytopaenia and cough \[[@CR19]\]. In addition, pyrexia, rash and vomiting were common adverse reactions with brentuximab vedotin salvage therapy, and peripheral motor neuropathy was a common adverse reaction during consolidation treatment with brentuximab vedotin \[[@CR19]\]

In the noncomparative pivotal phase 2 trial in patients with relapsed or refractory HL, the most common (i.e. incidence ≥15%) brentuximab vedotin-related adverse events of any grade were PSN (incidence 42%), nausea (35%), fatigue (34%), neutropenia (19%) and diarrhoea (18%) \[[@CR24]\]. Treatment-emergent adverse events (TEAEs) of grade 3 or 4 severity occurred in 55% of patients. TEAEs of grade 3 severity occurring in at least 2% of patients were neutropenia (14%), PSN (8%), fatigue (2%) and pyrexia (2%). The only reported TEAE of grade 4 severity was neutropenia (6% of patients), with no occurrences of febrile neutropenia reported. No brentuximab vedotin-related deaths occurred during the study \[[@CR24]\].

TEAEs leading to treatment discontinuation occurred in 20% of patients in this pivotal trial, with PSN (6% of patients) and peripheral motor neuropathy (3%) being the most common events leading to discontinuation \[[@CR24]\]. Neutropenia (incidence 16%) and PSN (13%) were the most common reasons for dose delays, with 8% of doses delayed overall. Eleven patients required dose reductions from 1.8 to 1.2 mg/kg, ten of whom required dose reductions as a result of PSN. The median time to peripheral neuropathy onset of any grade was 12.4 weeks, with respective median times to events of grade 2 and 3 severity of 27.3 and 38.0 weeks. Fifty percent of patients experienced complete resolution of these events, with a median time to improvement or resolution of 13.2 weeks \[[@CR24]\]. Brentuximab vedotin-induced peripheral neuropathy is cumulative \[[@CR12], [@CR19]\]. Patients experiencing new or worsening peripheral neuropathy may require a delay, change of dose or discontinuation of brentuximab vedotin therapy \[[@CR12], [@CR19]\].

In a retrospective analysis of brentuximab vedotin clinical trials in patients with relapsed or refractory CD30-positive lymphomas, the only TEAE of any grade occurring in ≥20% of patients and with a significantly higher incidence in older patients (aged ≥60 years; *n* = 40) than in younger patients (aged \<60 years; *n* = 326) was anaemia (30 vs. 10%; *p* = 0.0015), with a numerically higher incidence (i.e. \>10% between-group difference) of PSN (60 vs. 46%) and fatigue (58 vs. 43%) in older patients \[[@CR39]\]. Conversely, URTI occurred significantly less frequently in older than younger patients (10 vs. 31%; *p* = 0.0049) and arthralgia occurred with a numerically lower frequency (8 vs. 21%). There were no significant differences between older and younger patients in the incidence of the most common (i.e. ≥10% of patients) TEAEs of grade 3 or higher severity, except for anaemia (20 vs. 7%; *p* = 0.0019). The overall incidence of serious TEAEs appeared to be similar in older and younger patients (20 vs. 16%), with no occurrences of grade 4 or 5 PSN in either age group. The incidence of dose delays (50 vs. 43%) and treatment discontinuations (33 vs. 17%) because of TEAEs was numerically higher in older than in younger patients \[[@CR39]\].

The nature and rates of adverse reactions in patients retreated with brentuximab vedotin were consistent with those observed in the combined pivotal phase 2 trials in patients with HL or sALCL, with the exception of a higher incidence of peripheral motor neuropathy (28 vs. 9%) \[[@CR12]\]. Most of these cases of peripheral motor neuropathy were of grade 1 or 2 severity \[[@CR12]\].

In clinical trials, the nature and incidence of TEAEs with brentuximab vedotin consolidation therapy (AETHERA trial) \[[@CR20]\] were generally similar to those observed with brentuximab vedotin salvage therapy in clinical trials discussed in Sect. [4.2](#Sec6){ref-type="sec"}. With consolidation therapy, the most common TEAEs (i.e. incidence ≥20%) of any grade occurring in the brentuximab vedotin group were PSN (56 vs. 10% in the placebo group), neutropenia (35 vs. 29%), URTI (26 vs. 0%), fatigue (24 vs. 2%), peripheral motor neuropathy (23 vs. 6%), nausea (22 vs. 3%) and diarrhoea (20 vs. 2%), with most TEAEs being of mild to moderate severity \[[@CR20]\]. TEAEs of at least grade 3 severity that occurred with an incidence of ≥2% in the brentuximab vedotin group and a higher incidence than in the placebo group were PSN (10 vs. 1%), neutropenia (29 vs. 10%) and peripheral motor neuropathy (6 vs. 1%). One recipient of brentuximab vedotin therapy developed febrile neutropenia, with neutropenia leading to dose delays in 22% of patients, none of whom discontinued treatment or required dose reductions. In the brentuximab vedotin group, peripheral neuropathy had a median time to onset of 13.7 weeks, resulted in treatment discontinuation in 23% of patients and dose modifications in 31% of patients. More than half (57%) of the 51 patients with peripheral neuropathy who required dose modifications completed all 16 cycles of brentuximab vedotin therapy. Pulmonary toxic effects occurred in 5% of patients in the brentuximab vedotin group and 3% of patients in the placebo group. In the brentuximab vedotin group, one patient died because of treatment-related acute respiratory distress syndrome (ARDS) associated with pneumonitis within 30 days of treatment, with another patient dying from ARDS at day 40 after treatment-related pancreatitis (resolved at the time of death). The same proportion (11%) of patients in both groups died from disease-related illness \[[@CR20]\].

During long-term follow-up in the AETHERA trial (≈3 years after the last patient was randomized), no new safety concerns were identified, with no new secondary malignancies observed in either treatment group during the 1-year period since the primary analysis \[[@CR22]\]. At the time of this analysis, treatment-emergent peripheral neuropathy had occurred in 112 patients receiving brentuximab vedotin, with the majority of these patients experiencing improvement (23% of patients) or complete resolution (65%) of neuropathy symptoms \[[@CR22]\].

In pivotal phase 2 trials in patients with HL or sALCL, ≈7 and 30% of patients developed persistently positive or transiently positive anti-drug antibodies (ADA) during brentuximab vedotin treatment \[[@CR12], [@CR19]\]. The presence of persistently positive antibodies was associated with a higher incidence of infusion-related reactions \[[@CR12], [@CR19]\]. In the AETHERA, ≈6% of patients developed persistently positive ADA during consolidation therapy with brentuximab vedotin \[[@CR12]\]. Two patients in the phase 2 trials and two patients in AETHERA discontinued treatment because of adverse reactions that were consistent with infusion-related reactions \[[@CR12]\]. The presence of ADA did not correlate with a clinically meaningful reduction in serum levels of brentuximab vedotin and did not result in a decrease in efficacy \[[@CR12]\].

The EU summary of product characteristics \[[@CR12]\] and US prescribing information \[[@CR19]\] also carry warnings and precautions regarding the potential risk of several serious adverse events, including rare cases of John Cunningham virus (JCV) reactivation resulting in progressive multifocal leucoencephalopathy, cases of acute pancreatitis (including fatal cases), pulmonary toxicity (including fatal cases), serious infections and opportunistic infections, infusion-related reactions and tumour lysis syndrome. Local prescribing information should be consulted regarding managing these potential safety risks.

Dosage and Administration {#Sec9}
=========================

Intravenous brentuximab vedotin is approved in numerous countries worldwide, including in the EU \[[@CR12]\] and USA \[[@CR19]\], for the treatment of patients with relapsed or refractory CD30-positive classical HL (featured indication) or sALCL; specific indications may vary between countries. In the EU \[[@CR12]\] and USA \[[@CR19]\], brentuximab vedotin is indicated for the treatment of (adults \[[@CR12]\]) patients with relapsed or refractory CD30-positive HL after failure of ASCT or after failure of at least two prior multi-agent chemotherapy regimens when ASCT (or multi-agent chemotherapy \[[@CR12]\]) is not an option. It is also indicated for the treatment of (adults \[[@CR12]\]) patients with CD30-positive HL who are at increased \[[@CR12]\]/high-risk \[[@CR19]\] of relapse or progression after ASCT (as consolidation therapy) \[[@CR12], [@CR19]\]. In the EU \[[@CR12]\], patients with relapsed or refractory HL or sALCL who have previously responded to brentuximab vedotin therapy may be retreated with brentuximab vedotin \[[@CR12]\].

The recommended dosage of brentuximab vedotin is 1.8 mg/kg, administered as a 30-min infusion once every 3 weeks for a maximum of 16 cycles or until disease progression or unacceptable toxicity \[[@CR12], [@CR19]\]; patients who achieve stable disease or better should receive a minimum of eight cycles \[[@CR12]\]. If the patient weighs ≥100 kg, the dose should be calculated for a bodyweight of 100 kg \[[@CR12], [@CR19]\]. For retreatment, the starting dose of brentuximab vedotin should be 1.8 mg/kg or the last tolerated dose \[[@CR12]\]. For post-ASCT consolidation therapy, initiate brentuximab vedotin treatment within 4--6 weeks of transplantation \[[@CR19]\] or upon recovery from ASCT (based on clinical judgement \[[@CR12]\]) \[[@CR12], [@CR19]\].

No dose adjustments are required in patients with mild or moderate renal impairment \[[@CR12], [@CR19]\]. In patients with severe renal impairment, a dose of 1.2 mg/kg is recommended in the EU \[[@CR12]\] and in the USA its use should be avoided in this population \[[@CR19]\]. The recommended starting dose of brentuximab vedotin in patients with hepatic impairment is 1.2 mg/kg \[[@CR12], [@CR19]\]. In the USA \[[@CR19]\], brentuximab vedotin is only recommended for use in patients with mild hepatic impairment; its use in patients with moderate or severe hepatic impairment should be avoided. Patients with renal or hepatic impairment should be closely monitored for adverse events (Sect. [3](#Sec3){ref-type="sec"}) \[[@CR12], [@CR19]\].

Local prescribing information should be consulted for detailed information, including contraindications, dosage modifications in cases of toxicity, warnings, precautions, drug interactions and use in special patient populations.

Place of Brentuximab Vedotin in the Management of CD30-Positive Hodgkin Lymphoma {#Sec10}
================================================================================

Current ESMO \[[@CR1]\] and NCCN \[[@CR2]\] guidelines recommend that for patients with classical HL initial treatment should involve chemotherapy or combined modality therapy, followed by involved-field radiotherapy and restaging of the disease at the completion of therapy. The initial treatment intensity should reflect the clinical stage and the presence or absence of clinical risk factors \[[@CR1], [@CR2]\], with the use of risk-adapted therapy resulting in excellent cure rates irrespective of the HL stage at the time of diagnosis \[[@CR1]\]. Prognostic factors for adverse outcomes include aged ≥45 years, male gender, stage IV disease, albumin level of ≤4 g/dL, haemoglobin level of \<10.5 g/dL, leucocytosis \[i.e. white blood cell (WBC) count \>15,000/mm^3^\] and lymphoctyopenia (i.e. lymphocyte count \<8% of the WBC count and/or lymphocytes \<600/mm^3^) \[[@CR2]\]. Initial chemotherapy typically involves ABVD (adriamycin, bleomycin, vinblastine plus dacarbazine) \[[@CR1], [@CR2]\], BEACOPPescalated (bleomycin, etoposide, adriamycin, cyclophosphamide, vincristine, procarbazine, prednisone and granulocyte colony-stimulating factor) \[[@CR1], [@CR2]\] or Stanford V \[doxorubicin, vinblastine, vincristine, bleomycin, etoposide, cyclophosphamide (or mechlorethamine or ifosfamide), prednisone\] \[[@CR2]\].

However, dependent on the stage of the disease, a significant proportion of patients relapse or are refractory to initial therapy (Sect. [1](#Sec1){ref-type="sec"}). The general treatment of choice in these patients is HDCT followed by ASCT (±radiotherapy) \[[@CR1], [@CR2]\]. Prior to HDCT/ASCT, patients receive salvage regimens (e.g. ICE) to reduce the tumour burden and mobilise stem cells prior to HDCT and ASCT \[[@CR1]\]. Brentuximab vedotin is recommended as an option for patients with relapsed or refractory classical HL who have failed HDCT/ASCT or at least two prior chemotherapy regimens (irrespective of their eligibility for HDCT/ASCT \[[@CR2]\]) \[[@CR1], [@CR2]\]. The approval of brentuximab vedotin as consolidation therapy after ASCT (Sect. [6](#Sec9){ref-type="sec"}) is too recent for it to have been considered in 2014 ESMO \[[@CR1]\] and NCCN \[[@CR2]\] guidelines.

In patients with relapsed or refractory CD30-positive classical HL, intravenous brentuximab vedotin was efficacious as consolidation therapy after ASCT in the clinical trial setting (Sect. [4.1](#Sec5){ref-type="sec"}) and as salvage therapy in the clinical trial (Sect. [4.2](#Sec6){ref-type="sec"}) and real-world settings (Sect. [4.3](#Sec7){ref-type="sec"}). As post-ASCT consolidation therapy, brentuximab vedotin significantly prolonged PFS compared with placebo at the time of the primary analysis (median follow-up of 30 months) in the phase 3 AETHERA trial, with durable responses observed during long-term follow-up (≈1 year after the primary analysis) \[Sect. [4.1](#Sec5){ref-type="sec"}\]. Three-quarters of patients receiving brentuximab vedotin as salvage therapy achieved an objective response (primary endpoint) in the pivotal phase 2 trial, with an estimated median PFS of 5.6 months and median overall survival of 22.4 months after a median follow-up of 18.5 months (Sect. [4.2](#Sec6){ref-type="sec"}). These responses to brentuximab vedotin salvage therapy were durable, with estimated 5-year overall survival and PFS rates of 41 and 22% in the overall population (Sect. [4.2](#Sec6){ref-type="sec"}). Evidence from retrospective analyses of data collected in the real-world setting support the efficacy of brentuximab vedotin salvage therapy (Sect. [4.3](#Sec7){ref-type="sec"}). Retreatment with brentuximab vedotin was an effective option in patients who had achieved CR or PR during initial brentuximab vedotin therapy and subsequently relapsed (Sect. [4.2](#Sec6){ref-type="sec"}).

In the clinical trial and real-world settings, brentuximab vedotin had a manageable tolerability and safety profile in patients with CD30-positive HL (Sect. [5](#Sec8){ref-type="sec"}). The most common adverse reactions occurring during brentuximab vedotin salvage or consolidation therapy were neutropenia, PSN, fatigue, nausea, anaemia, URTI, diarrhoea, thrombocytopaenia and cough. Most common adverse events (e.g. peripheral neuropathy and neutropenia) were manageable with dose reductions and/or delays, with the majority of patients with treatment-related peripheral neuropathy experiencing complete resolution or improvement of symptoms. The nature and rates of adverse reactions occurring during retreatment with brentuximab vedotin were consistent with those in a combined analysis of the pivotal phase 2 trials in patients with HL and sALCL. For the most part, there was also no difference in the tolerability profile of brentuximab vedotin between younger and older patients and irrespective of whether patients were receiving brentuximab vedotin salvage therapy or post-ASCT consolidation therapy (Sect. [5](#Sec8){ref-type="sec"}).

In conclusion, in phase 2 trials and in the real-world setting, salvage therapy with brentuximab vedotin resulted in high objective response rates in patients with relapsed or refractory CD30-positive HL, including as retreatment in patients who had an objective response to previous brentuximab vedotin therapy and subsequently relapsed. These beneficial outcomes were durable during long-term follow-up. As consolidation therapy after ASCT, brentuximab vedotin prolonged PFS compared with placebo at the time of the primary analysis, with the beneficial effects of brentuximab vedotin therapy maintained during long-term follow-up. Brentuximab vedotin had an acceptable tolerability and safety profile in the clinical trial and real-world setting, with most adverse events manageable with dose reductions and/or delays. With a paucity of treatments available for many patients with relapsed or refractory HL, brentuximab vedotin represents an important option for the management of patients who have failed HDCT/ASCT or at least two prior chemotherapy regimens and as post-ASCT consolidation therapy in patients who are at increased risk/high-risk of relapse or progression after ASCT.

Data Selection Brentuximab Vedotin: 261 records identified {#FPar2}
----------------------------------------------------------
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